Original Objectives
The two objectives listed in Daly's 2009 AFOSR application: (1) Develop novel radioprotectors and antioxidants based on catalytic Mn(II,III) redox-cycling processes identified in the extremely radiation-resistant bacterium Deinococcus radiodurans; and (2) Develop quantitative assays for oxidative protein damage as indicators of radiation exposure in prokaryotes (bacteria) and eukaryotes (yeast and fungi), and towards investigating the molecular mechanisms underlying Mn-dependent antioxidant processes in vivo. Progress towards these goals has presented the DoD and the greater scientific community with a novel and highly defensive chemical strategy to combat oxidative stress in diverse areas, including bioremediation, long-term enzyme storage, towards pre-exposure and post-exposure interventions against ionizing radiation in humans, and developing protective vaccines against emerging or existing pathogens and their WMD counterparts.
Following the Annual AFOSR Performance Review (Jan. [7] [8] [9] [10] [11] 2013) , Dr. De Long advised Dr. Daly to continue to focus on characterizing the mechanisms of radioprotection of D. radiodurans complexes, particularly using advanced paramagnetic spectroscopy approaches in collaboration with Dr. Brian Hoffman.
Summary of 2012-2013 Effort (150 words):
In [2012] [2013] , we demonstrated that: 1) Mn 2+ complexes in living D. radiodurans cells are distinctly different from those in radiosensitive cells. As demonstrated by ENDOR/EPR/ESEEM spectroscopy, Mn 2+ in D. radiodurans is bound mainly to nitrogenous ligands, forming complexes with orthophosphate (Pi) which are extremely resistant to gamma-radiation and preserve the D. radiodurans proteome. This work was published in PNAS USA (2013); 2) Many environmental yeast are extremely radiation-resistant, accumulate nitrogenous Mn 2+ -Pi complexes, and highly resistant to radiation-induced protein oxidation; 3) The radioprotective nature of Mn-peptide complexes is more dependent on the amino acid composition than the order of amino acids. A variety of decapeptide sequences were screened for their ability to protect protein structure and function following exposure to megadoses of ionizing radiation; and 4) The Mn-peptide-Pi vaccine approach developed for methicillin-resistant Staphylococcus aureus (MRSA), published in Cell Host & Microbe (2012) , was successfully applied to Venezuelan equine encephalitis virus.
Status of Work: Progress for Period April 2010-April 2013:
Background: The bacterium D. radiodurans represents life's utmost limit for ionizing radiation resistance. In spite of intensive efforts, the goal of exporting the protective processes of D. radiodurans outside of the host cell for practical purposes has eluded researchers for decades. The critical contribution of intracellular Mn complexes in defending Deinococcus cells from oxidative damage following exposure to x-rays and γ-rays, ultraviolent (UV) radiation, desiccation and redox-active toxins was first reported by Daly's group. That body of research was funded by AFOSR and now has become the foundation of a new field based on the concept 'Death by Protein Damage.' Since then, the critical role of intracellular small-molecule antixodants in protecting proteins has been established in various model organisms including bacterial spores, vegetative bacteria, archaea, and simple animals (e.g., Krisko et al., 2012 Krisko et al., , www.pnas.org/cgi/doi/10.1073 . This progress holds theoretical and practical implications of the highest order, including bioremediation of high-level radioactive waste sites, and metabolic interventions at the cellular level which mitigate oxidative stress during irradiation and aging. Another tangible application of Daly's research is the preparation of radiationsterilized whole-bacterial cell, whole-virus, and protein vaccines without loss in immunogenicity. Applying Deinococcus Mn complexes towards vaccine development is arguably the most important product of the project as it promises to expedite the development of defenses against bioterror threats or emerging infections caused by poorly characterized new or rapidly mutating agents, such as pandemic influenza and HIV.
See below for [2012] [2013] Publications: Project Products.
4.1
The Central Hypothesis which Drove the Project -Mn 2+ complexes govern the functionality and efficiency of DNA repair in extremely radiation-resistant organisms. Thus, a better understanding of the mechanisms underlying Mn 2+ metabolite-based protein protection in radiation-resistant cells could lead to better approaches to harness their activities in diverse settings. As very little is known about the solution structures and modes of action of cellular Mn antioxidants, we interrogated Mn-facilitated radiation resistance in vivo and in vitro using two complementary approaches: 1) Applied biochemical and advanced spectroscopic tools to characterize Mn 2+ -metabolite complexes as they exist in D. radiodurans cells, and other prokaryotes and yeast; and 2) Applied quantitative radiochemical assays to characterize the mechanisms of ROS-scavenging by the Mn 2+ complexes. . Mn 2+ accumulation is not a singular determinant of radiation resistance. Rather, Mn 2+ boosts protein protection in cells by interacting synergistically with the pool of small-molecule metabolites built up in cells, which is particularly important in aerobic environments. Numerous organisms which accumulate "compatible solutes" fit this model, including representative archaea, cyanobacteria, lichens, alpine yeast, and tardigrades.
Mn Complexes in Deinococcus

Knowns and Unknowns of Deinococcus Mn 2+ Complexes
It is worth reminding the reader that just six years ago, the ideas which drove this body of research were considerer heretical. For fifty years, the central dogma of radiation biology had been that DSBs were the universal critical lesions in irradiated cells. We have demonstrated that old idea to be false using bacteria as models -the critical "target" molecules in most irradiated cells are proteins. Since our original reports, this conclusion has been reinforced by research on irradiated archaea by Dr. 
Harnessing Radioprotective Mn-Complexes of Extremophiles
The ability of bacterial Mn 2+ complexes to protect cells and biomaterials from mega-doses of gamma radiation has been published, and is summarized below.
• D. radiodurans Mn 2+ complexes confer on the radiation-sensitive wild-type bacterium Escherichia coli the ability to grow luxuriantly under high-level chronic γ-radiation. This holds the prospect of bioremediation (cleanup) of radioactive waste sites with myriad E. coli strains which were previously engineered for toxic organic/heavy metal-decontamination in nonradioactive environments.
• D. radiodurans Mn 2+ complexes confer on purified enzymes the ability to survive extended desiccation. This holds the prospect of long-term storage of dried preparations of enzymes, antibodies, and proteins used in fuel cells. This is important in the context of DoD field operations where refrigeration is not possible.
• Baccillus spore Mn 2+ complexes confer on aqueous preparations of purified enzymes the ability to survive extreme acute irradiation. This holds the prospect of enzymatic decontamination of hydrated radioactive environments.
• -peptide-Pi and exposed to 40,000 Gy were killed, but their lifeless "shells" retained the capacity to generate protective neutralizing antibodies in animals ( Fig. 1) . Without any risk of infection, the vaccine approach was successfully tested at NIH in mice against methicillin-resistant Staphylococcus aureus (MRSA), which kills about 18,000 Americans each year. This new strategy for vaccination could be applied to many other deadly diseases for which protective vaccines do not yet exist, including cholera, Ebola and HIV, and BW infectious agents (Fig. 1) . 
Termination of AFOSR Extremophile Program following Budget Control Act of 2011 (Sequestration)
From Dr. Hugh C. De Long, DR-IV, DAF (4/13): "If you were up for renewal and had a grant in the system but it hasn't been awarded yet then you are indeed effected. Since the cut was significant, ALL grants of all programs that were not awarded WERE cut. All AFRL LRIR grants that were not fully funded yet will lose funding as well in their TD allotment. All increments that were not awarded may or may not have been cut depending on what your expenditures for 2012 were. As an example if you were owed an increment in 2013 and you had all of your 2012 money unspent then you won't be receiving your 2013 increment, and if you spent half of your 2012 money then you may only get half of your 2013 increment. There were two types of cuts. First was the swept funds which effects most of the renewals and late increments. The second was the science areas that we drop as the cut size grows. All of the extremophile program fell into this second category. That means different things to different people when it comes to FY14 (starting in Oct 2013). For FY14: If you had a grant in for renewal, I plan on resubmitting it (except extremophiles) for FY14 but this means there will be a gap in funding for effort. If you had an increment due this year and you receive an adjustment to its size then your grant will have to be renegotiated since in FY14 the plan currently is to give you your FY14 increment but the missing FY13 increment will not be made up in FY14. If you had a BRI grant that was awarded in summer last year, you will probably be effected by the increment adjustment. ALL of the extremophile program was cut. That means that unless I receive money back specifically for this program in FY14, it will be eliminated. I will have Pat Bradshaw keep those proposals around just in case it is resurrected. Even if the program returned next year there will be a gap in funding for them as well. Sorry this had to happen this year. Hopefully, it won't happen again next year, but the possibility does exist. It will all depend on where our budget this year ends up and what budget gets past for next year. I will update you further if there are any additional changes for both this year and next." 
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Technical merits of the proposed research and development
The work is technically feasible. 
The research described has two key objectives each with several sub-tasks that build on the prior work for AFSOR. The underlying science behind this proposal is based on understanding the underlying mechanisms for the remarkable survival of Deinococcus radiodurans cells to ionizing radiation and desiccation at levels that cause extensive DNA damage, and the more recent evidence that led to the hypothesis that the protective mechanisms is based on small-molecule
The technical plan is to employ mass spectrometry (MS) followed by Electron Spin Echo and Electron paramagnetic resonance (ESE-EPR) along with Electron nuclear double resonance (ENDR) and Electron Spin Echo Envelope Modulation (ESEEM) to size-fractionated D. radiodurans cell extracts (and extracts from other bacteria and yeast) in order to probe the coordination sphere of Mn +2 in radiation resistant organisms such as D. radiodurans. The purpose is to identify the major LMW representatives and determine the Mn +2 coordination within the samples. ESE-EPR is useful for the detection and identification of free radicals and paramagnetic centers and can definitely be employed for the proposed studies.
Their plan to apply ESE-EPR and the advanced paramagnetic resonance techniques of ENDOR and ESEEM spectroscopies to probe the coordination sphere of Mn2+ in extremely radiationresistant prokaryote cells and yeast, and for Mn2+ complexes reconstituted in vitro to determine where Mn is bound; and to apply newly-developed quantitative radiochemical approaches to characterize the mechanisms of ROS-scavenging by the reconstituted Mn2+ complexes.
It is entirely reasonably and technically feasible to utilize these approaches to enable us to better understand the structural and functional nature of prokaryotic Mn2+ complexes.
Potential relationship of the proposed research and development to the Department of Defense
The application of the knowledge gained from these experiments is potentially tremendous. The understanding of these systems is likely to will allow us to harness the protective functions devised by these microorganisms for the practical purpose of products that will provide us with radiation protection and/or recovery from radiation damage.
Manganous metabolites are increasingly evident in all branches of life. It is an essential transition metal that, among other functions, can act independently of proteins to either defend against or promote oxidative stress and disease. When there is an orthophosphate complex of Mn2+ it can act to produce resistance to oxidative stress There is clear evidence demonstrating that DNA repair proteins can, when intact, repair hundreds or thousands of radiation-induced DSBs, so long as they are not inactivated by oxidation by reactive oxygen species (ROS). Thus the presence of these complexes can allow for that DNA repair.
There is a realistic probability that Mn 2+- peptide complexes from these lower organisms can be adapted for the use of protecting citizens and troops from radiation damage.
In other words, because these insights have a very high probability of facilitating approaches to protect cells and biomaterials from radiation damage, it is appropriate that AFOSR continues to support research into the mechanisms extremophiles use to protect their proteins.
3. The likelihood of the proposed effort to develop new research capabilities and broaden the research base in support of U.S. national defense Comments: I am highly impressed with the proposed research and unequivocally endorse this proposal. 
Progress towards Original
Abstract:
The remarkable ability of bacterium Deinococcus radiodurans to survive extreme doses of γ-rays (12,000 Gy), 20 times greater than Escherichia coli, is undiminished by loss of Mn-dependent superoxide dismutase (SodA). D. radiodurans radiation resistance is attributed to the accumulation of low-molecular-weight (LMW) "antioxidant" Mn(2+)-metabolite complexes that protect essential enzymes from oxidative damage. However, in vivo information about such complexes within D. radiodurans cells is lacking, and the idea that they can supplant reactiveoxygen-species (ROS)-scavenging enzymes remains controversial. In this report, measurements by advanced paramagnetic resonance techniques [electron-spin-echo (ESE)-EPR/electron nuclear double resonance/ESE envelope modulation (ESEEM)] reveal differential details of the in vivo Mn(2+) speciation in D. radiodurans and E. coli cells and their responses to 10 kGy γ-irradiation. The Mn(2+) of D. radiodurans exists predominantly as LMW complexes with nitrogenous metabolites and orthophosphate, with negligible EPR signal from Mn(2+) of SodA. Thus, the extreme radiation resistance of D. radiodurans cells cannot be attributed to SodA. Correspondingly, 10 kGy irradiation causes no change in D. radiodurans Mn(2+) speciation, despite the paucity of holo-SodA. In contrast, the EPR signal of E. coli is dominated by signals from low-symmetry enzyme sites such as that of SodA, with a minority pool of LMW Mn(2+) complexes that show negligible coordination by nitrogenous metabolites. Nonetheless, irradiation of E. coli majorly changes LMW Mn(2+) speciation, with extensive binding of nitrogenous ligands created by irradiation. We infer that E. coli is highly susceptible to radiationinduced ROS because it lacks an adequate supply of LMW Mn antioxidants. 
